Codeine is an analgesic drug acting on m-opiate receptors predominantly via its metabolite morphine, which is formed almost exclusively by the genetically polymorphic enzyme cytochrome P450 2D6 (CYP2D6). Whereas it is known that individuals lacking CYP2D6 activity (poor metabolizers, PM) suffer from poor analgesia from codeine, ultra-fast metabolizers (UM) due to the CYP2D6 gene duplication may experience exaggerated and even potentially dangerous opioidergic effects and no systematical study has been performed so far on this question. A single dose of 30 mg codeine was administered to 12 UM of CYP2D6 substrates carrying a CYP2D6 gene duplication, 11 extensive metabolizers (EM) and three PM. Genotyping was performed using polymerase chain reaction-restriction fragment length polymorphism methods and a single-base primer extension method for characterization of the gene-duplication alleles. Pharmacokinetics was measured over 24 h after drug intake and codeine and its metabolites in plasma and urine were analyzed by liquid chromatography with tandem mass spectrometry. Significant differences between the EM and UM groups were detected in areas under the plasma concentration versus time curves (AUCs) of morphine with a median (range) AUC of 11 (5-17) mg h l À1 in EMs and 16 (10-24) mg h l À1 in UM (P ¼ 0.02). In urine collected over 12 h, the metabolic ratios of the codeine þ codeine-6-glucuronide divided by the sum of morphine þ its glucuronides metabolites were 11 (6-17) in EMs and 9 (6-16) in UM (P ¼ 0.05). Ten of the 11 CYP2D6 UMs felt sedation (91%) compared to six (50%) of the 12 EMs (P ¼ 0.03). CYP2D6 genotypes predicting ultrarapid metabolism resulted in about 50% higher plasma concentrations of morphine and its glucuronides compared with the EM. No severe adverse effects were seen in the UMs in our study most likely because we used for safety reasons a low dose of only 30 mg. It might be good if physicians would know about the CYP2D6 duplication genotype of their patients before administering codeine.
Introduction
Codeine is widely used as anti-tussive and analgesic drug and it is known that O-demethylation of codeine into morphine is mediated by the genetically polymorphic enzyme cytochrome P450 2D6 (CYP2D6). 1 O-demethylation reaction accounts only for less than 10% of codeine clearance, it is regarded to be the bioactivation reaction essential for the analgesic activity of codeine preparations. 1 A strong correlation between debrisoquine metabolic ratio (MR), reflecting CYP2D6 activity, and the urinary recovery of codeine and its metabolites formed by O-and N-demethylation has been shown. 2 Poor metabolizers (PM) lacking CYP2D6 activity had extremely low plasma concentrations and urinary recovery rates of morphine and morphine glucuronides [2] [3] [4] [5] and very little analgesic efficacy of codeine. 6, 7 Correspondingly, they may have a lower risk of developing codeine addiction because the active principle acting at the m-opioid receptors is lacking. 8 On the other hand, several case reports have described severe opioid side effects after intake of codeine in individuals later identified as ultra-rapid metabolizers (UM) of CYP2D6 substrates. 9, 10 The CYP2D6 gene duplication leads to ultra-rapid metabolism if the duplicated genes are fully active and if the duplication is combined with another active CYP2D6 allele. Usually, these individuals have high CYP2D6 activity, and a nearly linear gene-dose effect depending on the number of active CYP2D6 alleles has been shown. [11] [12] [13] [14] Individuals carrying this genotype are found in about 3% of the northern European White population, between 5 and 10% in southern European populations 15 and between 10 and 30% in Arabian and northeast African countries. 16 Individuals phenotyped as ultra-rapid CYP2D6 metabolizers have been reported to develop up to 45-fold higher concentrations of codeine O-demethylated metabolites than persons with poor metabolism. 2 However, the impact of this genotype on pharmacokinetic parameters of codeine and opioid side effects has never been systematically studied. One case report describes opioid intoxication in a patient later defined as a carrier of the CYP2D6 gene duplication, but this patient also had an inhibition of CYP3A4 activity and an impaired renal function. 10 A reliable estimation of the effect of the CYP2D6 gene duplication cannot be derived from the existing case reports, which however are important as they draw out attention to a potential medical problem. Therefore, the present study analyzes the pharmacokinetic differences of codeine between a group of UM carrying the CYP2D6 gene duplication and extensive metabolizers (EM) carrying the wild-type allele. A small group of PM serve as an additional reference group.
Materials and methods
From a large sample of healthy male volunteers, a panel of 26 healthy males of Caucasian ethnicity (between 18 and 65 years, body mass index between 20 and 30 kg m À2 , no pathological findings in blood pressure, ECG and clinical chemistry) was selected including 11 carriers of a CYP2D6 duplication of a functional allele combined with another functional allele (the UM group), 12 carriers of two functional CYP2D6 alleles (the EM group) and three carriers of two functionally deficient alleles of CYP2D6 (the PM group). A sample size of at least 10 per group (EM and UM groups) was estimated to be sufficient for discriminating differences of more than 25% in total clearance of codeine between CYP2D6 EM and UM with a power of 80% assuming the variability of codeine pharmacokinetic parameters (AUC, clearance) in EMs as given by Quiding et al.
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After an overnight fast, all volunteers received a single oral dose of 30 mg codeine (Codeine Phosphoricum, BerlinChemie, Berlin, Germany) with tap water and no food except water was allowed until 4 h after administration of the drug. For pharmacokinetic analysis, blood samples with ethylenediamine tetraacetic acid as anticoagulant were taken before dosing and at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12 and 24 h after the volunteers had taken 30 mg codeine. A single dose of 30 mg codeine was chosen in order to minimize the risk of opioid side effects in individuals who were anticipated to have an ultrarapid activity in bioactivating codeine to morphine and morphine glucuronides. Urine was collected in two fractions between 0 and 6 h and between 6 and 12 h. For at least 3 days before the test, volunteers were not allowed to take alcohol and grapefruit juice and no medication was allowed for at least 3 weeks before the day of the study. The study protocol was approved by the ethics committee of the Humboldt University of Berlin and all volunteers had given their written informed consent before the study.
The codeine effect on m-opiod receptors was assessed by measurement of pupil size in a window-less room with controlled low illumination at 0, 1, 2, 3, 4, 6, 8, 12 and 24 h. After 3 min of adaptation (the participants had to stay in that room), the pupil diameter was measured with a pupil size scale allowing discrimination of 1 mm differences. Possible side effects were monitored by a questionnaire involving dizziness, palpitations, nausea and obstipation. Assessments of the adverse effects were performed at 0, 1, 4 and 12 h after dosing.
Genotyping
Analyses for the CYP2D6 alleles *2, *3, *4, *5, *6, *9, *10, *35, *41 (according to the nomenclature webpage http:// www.imm. ki.se/CYPalleles/) and the duplication alleles were performed with the polymerase chain reaction-restriction fragment length polymorphism-methods described earlier. 18 Identification of allele CYP2D6*41 was based on the À1584 G4C and the 4180 G4C polymorphism as described earlier. 19 In addition, we have analyzed which of the single nucleotide polymorphisms was in the duplication allele and which was in the other not duplicated allele by using a modification of the single-base primer extension method described by Fuselli et al. 20, 21 Briefly, the sequence between the exon 9 of the upstream and the intron 2 of the downstream CYP2D6 gene copy of the CYP2D6 duplication allele was amplified using duplication-specific long PCR with the primers 5 0 -GCC ACC ATG GTG TCT TTG CTT TC-3 0 and 5 0 -ACC GGA TTC CAG CTG GGA AAT G-3 0 22 and Expand Long Template PCR System (Roche, Mannheim, Germany) as follows: 27 ml reactions containing buffer-1 of the long PCR kit were supplemented with additional MgCl 2 to a final concentration of 3.5, 0.35 mM dNTPs, 0.2 mM primers and 1.5 U polymerase mix, and were incubated for 2 min at 941C followed by 35 cycles (10 s at 961C, 20 s at 601C and for 7 min at 681C) and 7 min at 681C. The obtained PCR product was used as a template for the single-base primer extension reaction (SNaPshot, Applied Biosystems) designed to genotype the polymorphic position 4180G4C of the upstream gene-copy and positions À1584G4C and 100C4T of the downstream gene-copy. The following primers were used for the extension reactions: À1584G4C, 5 0 -(A) 9 CCT GGA CAA CTT GG AAG AAC C-3 0 ; 100C4T, 5 0 -(A) 31 CAA CGC TGG GCT GCA CGC TAC-3 0 and 4180G4C, 5 0 -(A) 37 CAA AGC TCA TAG GGG GAT GGG-3 0 . The single-base primer extension reactions were performed according to the manufacturer's instructions (SNaPshot, Applied Biosystems, Weiterstadt, Germany). Assuming that always the two gene copies in CYP2D6 duplication alleles have identical constellations, this method allowed an unambiguous differentiation which of the genes was duplicated.
A fine classification of CYP2D6 activity owing to genotype was used by counting with a score of 0.5 for those alleles coding for a low-activity enzyme (CYP2D6*9, *10, *41), by counting with a score of 1.0 for alleles CYP2D6*1, *2, and *35 and by counting with the same score for each gene within the CYP2D6 duplication allele.
In addition to the CYP2D6 genotypes, the 118 A4G polymorphism (rs1799973) within the m-opioid receptor gene (OPRM1) leading to an amino-acid exchange of asparagine (Asn) to aspartate (Asp) was determined. The genotyping of the OPRM1 Asp40Asn polymorphism (rs1799971) was performed with a pre-made TaqMan genotyping assay (ID# C_8950074_1, Applied Biosystems, Darmstadt, Germany) according to the manufacturer's instructions. The genotyping results were verified by genotyping 20% of the samples twice. No discrepancy between the two genotyping results could be observed.
This polymorphism with allele frequencies between 10 and 32% in different ethnic populations 23 has been shown to cause differences in opioid responses such as pupil constriction. 24, 25 The latter analysis was performed to test whether there is no major imbalance in the allele distribution between the CYP2D6 genotype groups, which might influence the opioid effect parameters such as pupil diameters and side effects.
Concentration analyses
Aliquots of human plasma samples were extracted by solid phase extraction and the eluate was analyzed for morphine, morphine-3-glucuronide (M3G), morphine-6-glucuronide (M6G), codeine and codeine-6-glucuronide (C6G). Briefly, 50 ml internal standard (40 ng/ml morphine-d 3 , 20 ng/ml M3G-d 3 , 70 ng/ml M6G-d 3 , 40 ng/ml codeine-d 3 and 50 ng/ml C6G-d 3 in water) and 750 ml water were added to 200 ml plasma. Solid phase extraction was performed on a system consisting of Oasis HLB extraction cartridges (1 ml, 30 mg sorbent, Waters, Eschborn, Germany) attached to a Visiprep vacuum manifold (Supelco, Deisenhofen, Germany). The extraction column was activated with 1 ml methanol and 1 ml water. After the sample was drawn through, the column was washed with 1 ml water. The analytes were eluted from the column with 1 ml methanol. The organic solvent was evaporated to dryness by a gentle stream of nitrogen at 551C. The residue was reconstituted with 200 ml of water/methanol (95:5) with 5 mM ammonium acetate and 0.001% formic acid.
Aliquots of human urine samples were diluted 1:100 in water/methanol (95:5) with 5 mM ammonium acetate and 0.001% formic acid, and dilutions were directly analyzed for morphine, M3G, M6G, codeine and C6G.
High-performance liquid chromatography analysis was performed using an Agilent 1100 Series binary pump (G1312A) and degasser (G1379A) connected to an HTC PAL autosampler (Chromtech, Idstein, Germany). Chromatographic separations were obtained under gradient conditions using a Synergi Hydro-RP column (150 cm L Â 2 mm ID, 4 mm particle size and 80 Å pore size) with a C18 guard column (4 mm L Â 2 mm ID) (Phenomenex, Aschaffenburg, Germany). The mobile phase consisted of eluent A (water with 5 mM ammonium acetate and 0.001% formic acid) and eluent B (methanol with 5 mM ammonium acetate and 0.001% formic acid). The gradient was as follows: from t ¼ 0 to t ¼ 0.5 min 95:5 (A:B), from t ¼ 0.5 to t ¼ 7.5 min a linear gradient from 95:5 to 10:90, then from t ¼ 7.5 to t ¼ 10 min 10:90, from t ¼ 10 to t ¼ 11 min a linear gradient from 10:90 to 95:5 and finally from t ¼ 11 to t ¼ 14 min 95:5. Samples (10 ml) were injected onto the LC-MS/MS. The flow rate was set at 0.3 ml/min and the runtime at 14 min. Morphine, M3G, M6G, codeine and C6G eluted after 8.2, 6.3, 6.7, 8.7 and 7.3 min, respectively.
MS and MS/MS analyses were performed on a 4000 Q TRAP triple quadrupole mass spectrometer with a TurboIonSpray source (Applied Biosystems, Darmstadt, Germany). For measurement of the analytes, the positive ion mode was chosen. High-purity nitrogen was used as curtain gas, highpurity air was used as nebulizer and turbo gas was used. The heated turbo gas was set at 5501C. Mass spectrometry parameters were as follows: curtain gas 10 psig, IonSpray voltage 4700 V, nebulizer gas 60 psig and turbo gas 50 psig. Quantitation was performed in the multiple reaction mode (MRM) using nitrogen as the collision gas with a collision energy of 82, 45, 45, 36 and 44 eV for morphine, M3G, M6G, codeine and C6G, respectively. Precursor-to-product ion transitions of m/z 286-152 for morphine, m/z 462-286 for M3G and M6G, m/z 300-215 for codeine and m/z 476-300 for C6G were used for the MRM with a dwell time of 50 ms.
All analytes were quantified by use of calibration curves (r 2 40.99 for all analytes) of peak area ratios obtained by analysis with 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50 and 100 ng/ml for spiked plasma samples or with 5, 10, 20, 50, 100, 200, 500, 1000, 2000, 5000 and 10 000 ng/ml for spiked diluted urine samples. Quality control samples contained 0.1, 1 and 5 ng/ml (spiked plasma samples) or 10, 100 and 500 ng/ml (spiked diluted urine samples) of each analyte. Samples with concentrations of analytes above the calibration curves were sufficiently diluted and reassayed.
Concentrations of the calibration standards, quality controls and unknowns were evaluated by Analyst software (version 1.4; Applied Biosystems, Darmstadt, Germany). The intra-day and inter-day variability was o15%.
Pharmacokinetic analysis
Non-compartmental pharmacokinetic parameters were estimated using the WinNonlin version 2.1software. Area under the plasma concentration time curves (AUC 0-infinity ) was determined by the linear trapezoidal rule with extrapolation to infinity (using the predicted concentration at the last measurement) and total clearance was calculated as dose/ AUC 0-infinity . Urinary MRs were calculated as concentration of codeine divided by morphine, and as the sum of concentrations of (codeine þ C6G) divided by the sum of morphine metabolites (morphine þ M3G þ M6G). Maximum concentrations were taken as measured.
Statistical analysis
For statistical analysis, the Jonckheere-Terpstra trend test was applied as implemented in the SPSS version 11.0. software with the predefined trend of zero, two and three active CYP2D6 genes and for testing the trend of increasing CYP2D6 fine activity.
Results
The CYP2D6 genotypes of the study participants are listed in Table 1 . The volunteers were selected for this study based on differentiation between three types of alleles only, namely alleles conferring absolutely no activity, alleles coding for active enzyme and duplication alleles, but in the analysis given here, the CYP2D6 genotype groups could be further subclassified into 'fine-activity' groups taking into consideration that activity of the protein coded by alleles *9, *10, *17 or *41 is lower than that of the proteins coded by *1, *2 or *35. This fine-activity divided the UM-group into two groups, those with a 2.5-fold CYP2D6 gene activity and those with a threefold activity compared to carriers of only one active allele. Correspondingly, the EM group, initially defined as carriers of two active allele, was subdivided into 1.5 and twofold allele activity after taking the moderate to low activity of the CYP2D6 protein variant alleles into account.
In order to avoid confounding of the opioid effects data by the m-opioid receptor genotype, we also genotyped the Predicted CYP2D6 activity: combination of alleles were calculated as follows: inactive alleles: CYP2D6*3, *4, *5, *6; alleles with decreased activity: factor 0.5 (CYP2D6*9, *10, *41); alleles with full CYP2D6 activity: factor 1 (CYP2D6*1, *2, *35).
b PM: carriers of two inactive alleles CYP2D6*3, *4, *5, *6; EM: Carriers of any combinations of the active alleles CYP2D6*1, *2, *9, *10, *41 or *35; UM: carriers of one CYP2D6 gene duplication allele (*1 Â 2, *2 Â 2, *35 Â 2) and one active CYP2D6 gene.
participants for the functionally relevant 118 A4G polymorphism of the m-opioid receptor gene, which is found in Caucasians with an allele frequency of 15% 26 (OPRM1 genotype given in Table 1 ). However, only one subject who had the CYP2D6 genotype *1/*2 was a heterozygous carrier of the Asp amino-acid exchange. This individual was not differed from the group of CYP2D6 EMs in pharmacokinetic and opioid effect parameters, thus the m-opioid receptor genotype could be ignored in the further analyses.
Codeine maximal concentrations varied between 24 and 104 mg l À1 , with a median of 47 mg l À1 in all study participants and the median clearance of codeine was 161 l h À1 ranging from 75 to 211 l h À1 in the entire group studied here. Elimination half-life ranged between 3.2 and 5.7 h with a median of 3.7 h. The plasma concentrations of the O-demethylated metabolites morphine, M3G and M6G varied substantially between the subjects of this study group and much of this variability was explained by CYP2D6 genotype. Most concentrations in the three PM were around the limit of quantification of 0.05 ng ml À1 . Median morphine AUCs were 0.5, 11 and 16 mg h l À1 in PM, EM and UMs (P ¼ 0.02 for comparison between the EM and UM groups, U-test), median M3G AUCs were 6.4, 382 and 506 mg h l À1 (P ¼ 0.02) and those for M6G were 6.5, 63 and 87 mg h l À1 (P ¼ 0.036) ( Tables 1 and 2 and Figure 1 ). Statistical testing was performed comparing only the UM and EM groups by the exact Mann-Whitney U-test because the sample size of the study was chosen to test for this difference. When taking the additional reference group of three PMs into account who had no CYP2D6 activity, a highly significant trend towards higher O-demethylated codeine metabolites with increasing CYP2D6 activity was detected (Po0.001 according to the nonparametric Jonckheere-Terpstra trend test). Indeed, there was an almost exact linear relationship between the number of active CYP2D6 gene copies and codeine total clearance, justifying using linear regression analysis to describe the relation between CYP2D6 gene copies and metabolic activity. The coefficient of determination (R 2 ), that is, the proportion of variability in morphine AUC explained by CYP2D6 genotype, was 60% when calculating with the three groups (PM, EM and UM) and 63% when calculating with the five groups ('fine-activity scoring') taking additionally the information about lowactivity CYP2D6 alleles into account. The corresponding R 2 values were 66 and 68% for M3G and 60 and 63% for M6G, respectively. Thus, consideration of the low-activity alleles *9, *10 and *41 explained more of the variability within the EM and UM groups ( Table 1 ). The effect of the CYP2D6 genotype was visible in oral total clearance of codeine only when adjusted for body weight (P ¼ 0.07, R 2 ¼ 0.13%). In Figure 2 , the median ratios of AUC(morphine)/ AUC(codeine) are depicted in relation to the CYP2D6 fine activity scores. There was a significant trend towards higher AUC ratio with increasing CYP2D6 activity even if testing was performed without the PM group (P ¼ 0.002, Jonckheere-Terpstra trend test).
Urine was collected during the first 6 h and from 6 to 12 h after codeine intake. The MRs calculated as codeine/ morphine and (codeine þ C6G)/(morphine þ M3G þ M6G) varied significantly dependent on CYP2D6 activity. In PMs, the ratios were about 10-fold higher compared to EM or UM. A significant trend towards lower ratios with increasing CYP2D6 activity was still detected after exclusion of the PMs from the analysis (Table 3) . With regard to the pupil diameter measured as pharmacodynamic parameter, the influence of CYP2D6 genotype was weak. Indeed, all participants had a miosis with a maximum after 2.5 h from codeine intake and the three PMs even had the strongest decline in pupil diameter, a finding that was however not significant and the statistical power of the present study was far too small with respect to this pharmacodynamic parameter. The low dose of 30 mg codeine was taken for safety reasons but it was too low to exert significant analgetic effects and thus analgesia was not evaluated. Twenty of the 26 participants complained at least of one adverse effect. This was mostly owing to sedation, which was reported by 18 of the 26 study participants during the first 4 h after codeine intake. Ten of the 11 CYP2D6 UMs felt sedation (91%) compared to six (50%) of the 12 EMs (P ¼ 0.069, exact Fisher's test). When combining all adverse effects, all of the UMs, five (42%) of the 12 EMs and two (66%) of the PMs had at least one adverse effect (P ¼ 0.041, exact Fisher's test for the comparison between the EM and PM groups).
Discussion
O-demethylation of codeine is mediated by the polymorphic enzyme CYP2D6 and individuals who very rapidly bioactivate codeine to morphine might be at higher risk for opioid intoxication or developing codeine addiction. In this study, we focused on differences in codeine metabolite pharmacokinetics between extensive and ultrarapid metabolizers according to CYP2D6 genotype. In addition, we also included three PM because these individuals are known not to O-demethylate codeine to morphine and we wanted to confirm that our study data would fit into the prior knowledge, which was indeed true; and similarly as described earlier, the morphine AUCs in our study varied PM EM UM Figure 2 Ratio of plasma AUC of morphine over plasma AUC or codeine in relation to the CYP2D6 activity expressed by the number of active alleles differentiating between fully active alleles, which were considered with one arbitrary activity unit, and alleles with reduced activity, with were arbitrarily considered, which 0.5 activity units.
more than 30-fold between the PM and the UM groups (Table 1) . [2] [3] [4] [5] [6] [7] We observed a strong correlation between the number of active CYP2D6 genes and plasma concentrations as well as urinary recovery ratios of all O-demethylated codeine metabolites. The plasma concentrations and AUCs of morphine between UMs and EMs differed about 1.5-fold with a nearly exact linear gene-dose effect (Table 2 ) and, if the corresponding drug concentration analytics is available, one might even suggest that codeine in the safe low doses of 30 mg or below might be a suitable CYP2D6 in vivo phenotyping probe drug having the advantage that the diagnostic metabolite appears to be formed almost exclusively by CYP2D6.
In Figure 3 , the correlation between the plasma morphine/codeine ratio and the oral total clearance of metoprolol, a typical phenotyping substance for CYP2D6 activity, is depicted. The data for metoprolol were taken from Kirchheiner et al. 13 In fact, the participants of the present study were also UMs according to metoprolol CYP2D6 metabolic phenotype but there is no strict antimode between EM and UM, that is, there is an overlap of the ranges of phenotypes and there is apparently some scatter, probably partially due to interindividual variation in daily CYP2D6 activity and partially due to specific factors (other enzyme, transporters) specifically relevant for one or the other probe drug.
Detailed genotyping for CYP2D6 alleles resulted in a more precise classification of the metabolizer phenotypes by attributing activity scores to the single alleles as follows: inactive alleles (CYP2D6*3, *4, *5, *6) score 0; variant alleles with low activity (CYP2D6*9, *10, *17, *41) score 0.5; alleles with full CYP2D6 activity (CYP2D6*1, *2, *35) score 1 ( Table  1 ). The correlation of genotype with plasma concentrations of morphine and its metabolites was even more distinct when applying this fine classification (Figures 2 and 3 ) and according to the coefficient of determination (R 2 ) about 63% of interindividual variability in morphine AUC could be explained by CYP2D6 genotype. Of course, giving the alleles 9, 10 and 41 a score of 0.5 is arbitrary and the reduction in catalytic activity conferred by the amino-acid substitution polymorphisms may even differ between drugs. However, if we really want to use genotype information as a guidance to drug therapy, we do need concrete and practical algorithms as to how to deal with genotype information and apparently such a fine-scoring system for CYP2D6 genotypepredicted activity was not only introduced by ourselves 11, 13 but independently also by other groups. 27, 28 The genotype-caused differences in metabolism were also reflected in MRs as determined in urine. During the 6 and 12 h interval of urine collection, UMs and EMs differed significantly in MR of (codeine þ C6G) divided by the sum Plasma AUC morphine / codeine ratio Figure 3 Correlation between the plasma morphine/codeine ratio and the oral total clearance of metoprolol, a phenotyping substance for CYP2D6 activity. Green dots depict the PMs, blue dots depict the EMs and red dots depict the UMs as defined in Table 1 . The data for metoprolol were taken from Kirchheiner et al. 13 In fact, the participants of the present study were also UMs according to metoprolol CYP2D6 metabolic phenotype but there is no strict antimode between EM and UM, that is, there is an overlap of the ranges of phenotypes and there is apparently some scatter, probably partially owing to interindividual variation in daily CYP2D6 activity and partially owing to specific factors (other enzymes, transporters) specifically relevant for one or the other probe drug. of morphine and its glucuronides fraction (morphine þ M3G þ M6G) as given in Table 3 . The 0 to 6 h urine collection interval had even the higher power to differentiate between the CYP2D6 genotypes than the 6-12 h interval. The PMs, as they have very low formation of morphine and metabolites, had more than 20-fold higher ratios. Apparently, urine MRs may be used as phenotypic indicators and have the advantage that per person only one 0-6 h urine sample might have to be analyzed if one would use low-dose codeine for CYP2D6 phenotyping.
The clinically important point is to what extent the enhanced codeine O-demethylation capacity observed in the ultra-UM influences the opioidergic side effects. We measured sedation and miosis as opioid effect-related parameters. All volunteers had a slight decrease in pupil diameter (mean 1 mm70.5) but no CYP2D6 genotyperelated effects on miosis have been detected. Interestingly, the small PM group had a even longer period of miosis, an observation that was however statistically not significant owing to the small sample size. This finding is similar to that for dihydrocodeine, which also leads to miosis in individuals (PMs) not metabolizing dihydrocodeine to dihydromorphine, 29 and also fits to recent data where an additional effect of codeine itself on miosis was observed when comparing equal concentrations of morphine and its metabolites with or without codeine. 30 These observations suggest that single dose of codeine has an opiate receptormediated effect of its own despite its 7-14 times lower potency than morphine. 31 In addition, other non-Odemethylated metabolites might exert a certain opioid effect such as norcodeine, which is recovered in urine to 4%. 32 However, similar to codeine, norcodeine did not bind to m receptors in rhesus monkey brain membranes, indicating a low m-opiate receptor affinity. 33 Alternatively, C6G has been proposed to exert analgesic effects because of its high amounts. 34 However, the K i value of C6G for the m-opiate receptor is about twice that of codeine, 35 and glucuronides are less likely to enter the brain owing to their hydrophilic properties. In addition, as no randomized placebo-controlled design was used in this study, minor placebo effects on adverse event monitoring or pupil size measurements cannot entirely be ruled out. However, this is the same in typical phase I trials in drug development, which are also usually not blinded but nevertheless considered to provide reliable data on tolerability of a drug.
Sedation belongs to the central nervous opioid effects and in our study, the UM felt more often sedated than the EM. A study on analgesic effects in nine PMs and nine EMs reported analgesic effects only in EMs but the same incidence of adverse drug effects in both groups. 36 Opioid effects also depend on biotransformation within the brain, and, thus, concentrations of codeine, norcodeine and C6G in the brain might differ from those observed in plasma. Recently, a functional variant of CYP2D7 leading to expression of this pseudogene in brain and to brain metabolism of codeine to morphine has been described in four of eight individuals of whom brain autopsies were obtained. 37 The population frequency of this variant has not yet been studied so far but this mechanism as well might be a possible explanation for opioid effects in PMs after codeine intake.
In conclusion, ultrarapid codeine metabolism caused by a CYP2D6 gene duplication resulted in a 1.5-fold higher morphine exposure compared to EM; in other words, for an UM (about 3% in many Caucasian populations) a dose of 30 mg codeine would make the same effects as a dose of 45 mg in an EM (about 50% in many Caucasian populations). This difference is only moderate but the risk for opioid intoxication might be increased in UMs if other additional factors such as reduction in renal function or further inhibition of other enzyme systems occur and the opioid intoxication risk owing to genotype might be substantial if physicians are dealing with carriers of CYP2D6 gene multiplications, which are however so rare that we did not identify any carrier or such a genotype in a screening of about 1000 healthy subjects.
